Abstract Most tailed bacteriophages with double-stranded DNA genomes code for a scaffolding protein, which is required for capsid assembly, but is removed during capsid maturation and DNA packaging. The gpO scaffolding protein of bacteriophage P2 also doubles as a maturation protease, while the scaffolding activity is confined to a 90 residue C-terminal ''scaffolding'' domain. Bacteriophage HK97 lacks a separate scaffolding protein; instead, an N-terminal ''delta'' domain in the capsid protein appears to serve an analogous role. We asked whether the C-terminal scaffolding domain of gpO could work as a delta domain when fused to the gpN capsid protein. Varying lengths of C-terminal sequences from gpO were fused to the N-terminus of gpN and expressed in E. coli. The presence of just the 41 C-terminal residues of gpO increased the fidelity of assembly and promoted the formation of closed shells, but the shells formed were predominantly small, 40 nm shells, compared to the normal, 55 nm P2 procapsid shells. Larger scaffolding domains fused to gpN caused the formation of shells of varying size and shape. The results suggest that while fusing the scaffolding protein to the capsid protein assists in shell closure, it also restricts the conformational variability of the capsid protein.
Introduction
Capsid proteins of double-stranded (ds) DNA bacteriophages often have an intrinsic ability to assemble into shell-like structures in the absence of any other gene products. However, these structures are usually aberrant in nature. Regulation of capsid assembly usually requires the action of a scaffolding protein, which acts during capsid assembly, but is typically absent from the mature capsid [1, 2] .
The dsDNA bacteriophage P2 forms an icosahedral capsid with T = 7 symmetry from 415 copies of the 40.2 kDa gpN capsid protein (five copies of gpN are replaced by the portal protein at the unique vertex) [3] . Correct assembly requires the 284-residue gpO protein, which serves a dual role as an internal scaffolding protein and a protease [4, 5] . The gpO protein is autoproteolytically cleaved to a 141 amino acid N-terminal fragment, O*, that remains inside the mature capsid after DNA packaging [6, 7] . Concurrently, gpN is N-terminally processed-presumably by gpO-to a 36.7 kDa cleavage product, N* [8] [9] [10] .
In the presence of the genetically unrelated satellite phage P4, however, gpN is assembled into a smaller capsid with T = 4 symmetry, suitable for packaging the 11.6 kbp P4 genome, but unable to package the larger P2 genome (33.6 kbp) [11] . This size determination is dependent on the P4-encoded Sid protein [12] , which forms an external scaffold around the P4 procapsids [13, 14] . Sid promotes the formation of P4-like T = 4 procapsids even in the absence of gpO [14, 15] , although formation of viable P4 phage is dependent on gpO [8, 16] .
We previously showed that the C-terminal 90 amino acids (residues 195-284) of gpO were required and sufficient to promote assembly of well-formed P2-like procapsids [7, 17] . This sequence interacts only transiently with gpN, and forms dimers or trimers in solution, suggesting that scaffolding activity involves gpO oligomerization [17] . The protease activity was found to require the three amino acids Asp19, His 48, and Ser107, which form a serine protease-like catalytic triad in the N-terminal half of the protein [17] . The C-terminal domain of gpO is predominantly a-helical, with a long helix predicted between residues 197 and 240 and a shorter helix from residue 246-257 (Fig. 1) , suggesting a structural similarity with the helix-loop-helix motif of the scaffolding proteins of bacteriophages /29 and P22 [18, 19] .
The lambdoid phage HK97 and its relatives are unusual among the dsDNA phages in that they do not employ a separate scaffolding protein. Instead, this role appears to be played by a 102 residue N-terminal ''delta'' (d) domain of the capsid protein (gp5), which is subsequently cleaved off during capsid maturation [20, 21] (Fig. 2) . Like most scaffolding proteins, the d domain is also predominantly a-helical [20] . Other HK97-like phages have d domains varying in length from 102 to 159 residues, which seems to be correlated with capsid size (James Conway and Robert Duda, pers. comm.) [22] . The gene for the capsid protein is preceded in the HK97 genome by a separate protease gene (gene 4).
In light of the similarities between the d domain of gp4 and the C-terminal ''scaffolding'' domain of gpO, we asked whether the C-terminal 90 residues (or less) of gpO could function as a d domain, fused to the gpN capsid protein that follows it in the genome (Figs. 1, 2 ). Perhaps the gpO protein might represent an in-sequence fusion between protease and scaffolding activities found in a progenitor phage, while HK97 represents a similar fusion of the scaffolding activity to the capsid protein?
We show that the gpO scaffolding domain does indeed promote shell closure when it is fused to gpN, but the resulting shells are predominantly of small ''P4-like'' size, in addition to closed shells of aberrant shapes. Our results suggest that the presence of gpO fused to gpN restricts the conformational variability of gpN and thereby affects capsid size, but that assembly fidelity depends on transient gpO-gpN interactions.
Materials and methods

Cloning and expression of tandem and fusion constructs
The truncated O genes were made by PCR from genomic P2 DNA and inserted between the NcoI and NdeI sites of the vector pET16b (Novagen) under the control of the T7 promoter as previously described [5, 7] . For expression, all clones were grown at 37°C in LB with 100 lg/ml ampicillin until OD 600 reached 0.4-0.6, induced by the addition of 0.5 mM IPTG, and harvested after 2 h. The cloning was done in the E. coli recA -strain DH5a (Invitrogen), while expression was performed in BL21 (DE3) (Novagen).
Protein purification
The harvested cells were resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM PMSF, 1% Triton X-100, and 0.5% deoxycholate) and frozen overnight at -20°C. The thawed and resuspended cells were lysed by sequential passages at 1,000; 5,000; 10,000, and 15,000 psi through an Emulsiflex EF-C3 high-pressure cell disruptor (Avestin Inc., Ottawa). The lysates were clarified by centrifugation at 11,8009g for 30 min. In order to collect the formed particles, the clarified supernatants were centrifuged at 40,000 rpm (114,0009g) for 1 h in a Beckman Type 60Ti rotor. The pellets were resuspended in procapsid buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM MgCl 2 ), loaded onto 10-40% sucrose gradients prepared in the same buffer and centrifuged for 2 h at 30,000 rpm (110,0009g) in a Beckman SW 41 rotor. One milliliter gradient fractions were collected manually. Total lysates, pellets, and sucrose gradient fractions were analyzed by SDS-PAGE. Fractions were pooled and then pelleted by centrifugation for 40 min at 50,000 rpm (178,0009g) in a Beckman Type 60Ti rotor. The resulting pellet was resuspended in procapsid buffer and prepared for EM.
Electron microscopy and image analysis
The virus samples were dialyzed against EM buffer (10 mM Tris-HCl, pH 8.0, 20 mM NaCl, 2 mM MgCl 2 ) on a 0.025 lm filter for 30 min and diluted in EM buffer to a suitable concentration. Cryo-EM was done by standard methods [23] : 3 ll of sample was applied to C-flat holey film (Protochips, Inc.), blotted briefly before plunging into liquid ethane and transferred to a Gatan 626 cryo-sample holder. All samples were observed in an FEI Tecnai F20 electron microscope operated at 200 kV and images were captured on a 4 k 9 4 k Gatan Ultrascan CCD camera at magnifications of 38,0009 or 65,5009.
Image analysis and generation of radial plots was done using programs from the EMAN suite [24] .
Results
Co-expression of gpN and truncated gpO proteins
In this and previous studies, we generated a range of clones expressing gpN alone in combination with various fulllength and truncated forms of gpO [4, 5, 7, 15, 17] . The co-expression clones that express the truncated gpO proteins together with gpN are denoted as O(142-284) ? N, O(195-284) ? N, etc., where the numbers in parenthesis indicate the start and end of the included gpO sequence (Fig. 1) .
All clones expressing the gpN capsid protein produce capsid-related particles of various sizes and shapes. These particles were harvested by centrifugation at 114,0009g, followed by separation on 10-40% sucrose gradients and analysis by SDS-PAGE to assay for capsid formation and gpO incorporation. The capsid protein-containing fractions were pooled in order to include all capsid-related structures in the sample, concentrated by centrifugation and analyzed by negative stain electron microscopy (EM) and cryo-EM as previously described [23] . The particles in the micrographs were counted, classified according to whether they were aberrant or closed and isometric. Isometric shells generally fall into discrete size classes according to the rules of triangulation [25] . Most of the isometric shells produced by the gpO ? gpN co-expressions fell into two size classes, namely T = 7 or ''P2-like'' shells of 55 nm diameter and T = 4 or ''P4-like'' shells of around 40 nm diameter. For the purpose of classification, shells of C46 nm in diameter were considered large or ''P2-like'' shells, while those \46 nm in diameter were classified as small or ''P4-like'' shells, and denoted as such in the following discussion. These data are represented graphically in Fig. 3 .
As previously described, expression of gpN alone leads to the formation of predominantly aberrant, unclosed shells [4, 15] (Fig. 3) . We also showed that O(142-284), which represents the C-terminal half of gpO that is proteolytically removed during capsid maturation, and O(195-284), containing the last 90 amino acids of gpO, were both able to efficiently promote the formation of procapsids [7, 17] .
Thus, co-expression clones O(142-284) ? N and O(195-284) ? N yielded 92 and 82% well-formed P2-size procapsids, respectively (Fig. 3) . O(195-184) includes a segment of predicted a-helical structure from amino acid 197 to 257 that is involved in oligomerization and is important for scaffolding activity (Fig. 1) [7, 17] . Shorter gpO constructs, such as O(244-284), that did not include this helix, failed to promote capsid formation [17] , resulting in 83% aberrant shells (Fig. 3) . (Fig. 1, 2) . In one additional clone, only residues 261-284 of gpO were fused to gpN. (Fig. 1) and produced fusion proteins of the expected size (Fig. 5a) . In all cases, most of the protein was found in a rapidly sedimenting fraction that was pelleted at 114,0009g and purified on sucrose gradients, as described above. The size distribution of the resulting shells is shown in Fig. 3 .
Unlike the O(142-284) ? N co-expression, expression of the O(142-284)::N fusion protein yielded shells that were predominantly aberrant (88%) in shape and size and mostly thin-walled (Fig. 4d) . Expression of the O(194-284)::N fusion protein, on the other hand, yielded more isometric, closed shells (Fig. 4e) . Only 57% of the shells were aberrant in this case. Many of these shells appeared to be closed shells of aberrant shapes rather than open ''spiral'' forms. Interestingly, the isometric shells were predominantly of small, P4-like size (33% of the total), a significant shift from the predominantly large, P2-like procapsids produced in the co-expressions (Fig. 3) . Only 9% of the shells had the large, 55 nm size indicative of P2 procapsids.
Expression of the O(244-284)::N fusion protein resulted in an even greater proportion of closed, isometric shells (54%) than O(195-284)::N (Fig. 4e) . The majority of these (50%) were small, P4-like shells. This was surprising, since O(244-284) does not include the important a-helical sequence and since co-expression of gpN and O(244-284) led to predominantly (83%) aberrant, mostly unclosed shells (Fig. 4c) . As might be expected, expression of the fusion protein O(261-284)::N produced predominantly (70%) aberrant particles, about the same as that produced by gpN alone. Of those 30% shells that were closed and isometric, however, the majority were of small size (24%), unlike the case with expression of gpN alone, where most shells are of large size (24% of total) (Fig. 3) .
Co-expression with combinations of O::N fusion protein with gpN
Having the gpO scaffolding protein fused to the gpN capsid protein naturally results in an equimolar ratio of scaffolding to capsid. In capsids produced by co-expression of gpO and gpN, however, the ratio of gpO:gpN is about 1:3 [5, 7] . In order to test the effect of this ratio on the size of the assembled capsids, three co-expression clones were (Fig. 5b) . Expression of either of the three clones resulted in predominantly aberrant capsids (from 80% to 90%; Fig. 3 ; Fig. 4g-i) . The 10-20% isometric capsids that formed were mostly of small P4 size ( Fig. 4g-i) . Few larger P2-size procapsids were produced, demonstrating that the ratio of scaffolding to capsid protein per se is not sufficient to enable the formation of large shells. We considered the possibility that the increased the presence of aberrant shells in these co-expressions was due to the formation of aberrant shells consisting only of gpN, with the fusion proteins segregating into separate particles. In order to analyze the scaffolding content of the expression constructs, isometric, P4-like shells were picked from the O(195-284)::N fusion and O(195-284)::N ? N co-expressions (69 and 71 particles, respectively), aligned and averaged together rotationally (Fig. 6 ). These images were compared to a rotational average similarly generated from non-scaffolding containing P4 procapsids generated 
Discussion
An icosahedral structure has 60 symmetrically equivalent positions. In an icosahedral virus with more than 60 subunits, the capsid proteins, therefore, exist in more than one unique environment. The larger the icosahedral shell is, the greater the number of different environments exists for the capsid protein. These different environments are usually reflected in conformational differences in the capsid proteins [25, 26] , requiring the capsid protein to have a certain amount of conformational flexibility. A priori, there are several ways in which a scaffolding protein can regulate capsid assembly: (1) by promoting the formation of interactions between capsid subunits that would otherwise be unable to interact; (2) by affecting the conformation of the capsid protein; or (3) by forming a template or core on which the capsid protein assembles [1, 26] .
In the P2/P4 system, correct assembly of T = 7 shells is dependent on the gpO scaffolding protein, while formation of T = 4 capsids is directed by the P4-encoded external scaffolding protein, Sid, which appears to be a strong promoter of capsid assembly and causes the formation of small P4 capsids in the absence or presence of gpO [4, 5] . gpN alone assembles into mostly aberrant shells in the absence of either gpO or Sid. Nevertheless, a fair number of well-formed isometric shells of both P2 and P4 size are made (24 and 5%, respectively), indicating that gpN has the intrinsic potential for correct capsid formation, with a preference for P2-like, large shells. The role of gpO may thus be to restrict the conformational repertoire of gpN, rather than to promote any specific gpN-gpN interactions, much like a molecular chaperone acts to prevent improper protein associations.
We previously demonstrated that the C-terminal 90 amino acids of gpO constitute a scaffolding domain that promotes the assembly of correctly formed P2-size procapsids through oligomerization and the formation of transient gpO-gpN interactions [7] (Fig. 7a) . In the present study, we asked whether the scaffolding domain of gpO would promote procapsid formation when fused to the gpN capsid protein, similar to the d domain of HK97.
Indeed, the O(195-284)::N fusion protein did form more closed, isometric capsids (42% of the total) than gpN protein alone (29%). Most of these capsids (33%) were of the P4 size (Fig. 3) . The smaller fusion, O(244-284)::N, produced a still more homogeneous population of P4 size particles (50%). In contrast, neither O(142-284)::N nor O(261-284)::N were efficient at forming proper procapsids of either size, yielding 88 and 70% aberrant capsids, respectively. None of the fusions gave appreciable amounts of P2-size capsids, demonstrating that there is no direct correlation between length of the fusion and capsid size and that assembly fidelity is independent of capsid size determination. These results suggest that the presence of gpO fused to gpN limits the conformational flexibility of gpN. The formation of T = 7 shells requires a greater range of conformational variation compared to that of T = 4 shells. In the absence of gpO, gpN has a preference for the formation of T = 7 capsids (Fig. 3) . The C-terminal a-helix (residues 195-243) of gpO is involved in gpO oligomerization and plays an important role in capsid assembly [17] (Fig. 7a) . The relatively large proportion of aberrant capsids formed in the O(195-284)::N fusion compared to the O(195-284) ? N co-expression may have been caused by improper positioning of gpO relative to gpN, which would be fixed by the location of the gpN N-terminus (Fig. 7b) . Oligomerization of gpO in this position may have led to straining of the capsid lattice and consequently an increased proportion of aberrant shells. The even larger O(142-284)::N fusion might experience additional steric hindrance due to the large size of the gpO fragment. The fact that the O(142-284)::N shells tended to have a thin-walled, ''expanded shell'' phenotype walls suggests that this steric hindrance is incompatible with the small procapsid-like shell type.
The shorter O(244-284)::N fusion, on the other hand, lacks the a-helical oligomerization sequence. The remaining 40 amino acids are apparently sufficient to restrict the conformational variability of gpN so that P4-like, small shells are formed at relatively high fidelity, without the complications of gpO oligomerization (Fig. 7c ). In contrast, the gpO fragment contained within the smallest fusion protein, O(261-284)::N, is apparently too small to restrict the gpN protein sufficiently and does not cause a significant increase in assembly fidelity over gpN alone (about 70% for both). This fusion does cause a shift in capsid size preference from P2-like (6%) to P4-like (24%), however (Fig. 3) . These results show that oligomerization of the a-helical region is not absolutely required for promoting shell closure.
The ratio of gpN to gpO in vivo is about 3-to-1 [5] . If gpO binding restricts the conformational repertoire of gpN and thereby prevents the formation of larger shells, the addition of free gpN should increase the ratio of (Fig. 5b) . This would permit the unconstrained gpN protein to intercalate between the conformationally constrained fusion protein. Although the resulting shells did contain a mixture of fusion protein and free gpN (Fig. 6) , the fidelity of assembly did not improve, nor did the shell size shift towards the larger, P2-like shells. Clearly, other mechanisms are at play in defining the assembly of larger shells from gpN protein. For example, it may be that correct assembly is dependent on only transient interactions between the scaffolding domain of gpO and gpN.
In summary, the a-helical region of gpO does have many of the properties of the HK97 gp5 d domain, including the ability to promote the formation of closed, isometric shells. However, gpO is unable to provide the required conformational switching to form a large T = 7 shell when it is fused to gpN. This could be due to the fact that the interaction between gpO and gpN needs to be transient [7] , or a result of the way the fused gpO protein is constrained by the N-terminus of gpN. It may be of interest to incorporate a linker between gpO and gpN that will allow more leeway in gpO position on the inner surface of gpN. It would also be interesting to see if the d domain of HK97 gp5 would work as a scaffolding protein when fused to gpN.
